Type VII collagen, a genetically distinct member of the collagen family, is present in the cutaneous basement membrane zone as an integral component of the anchoring fibrils. We have recently isolated several cDNAs that correspond to human type VII collagen sequences. One of these cDNAs (clone K-131) was utilized to examine type VII collagen gene expression in cultures of human cells by Northern analyses, in situ hybridizations and indirect immunofluorescence. Northern hybridizations revealed the presence of an approximately 9-kb mRNA transcript, and indicated a high level of expression in epidermal keratinocytes as well as in an oral epidermoid carcinoma cell line (KB), while the expression was considerably lower in skin fibroblasts and in several virally or spontaneously transformed epithelial cell lines. In situ hybridizations of cultured keratinocytes supported the notion of a high level of gene expression. Indirect immunofluorescence of skin from a 19-wk fetus revealed type VII collagen gene expression at the dermal-epidermal basement membrane zone. These results indicate that several different cell types including epidermal keratinocytes and dermal fibroblasts express the type VII collagen gene, but epidermal keratinocytes may be the primary cell source of type VII collagen in developing human skin.
Introduction
The collagens comprise a family of closely related, yet genetically distinct macromolecules, and currently at least 15 different vertebrate collagens have been identified (for review on collagens, see refs. 1, 2). All collagen molecules consist ofthree polypeptide subunits, known as a-chains, and there are as many as 25 different genes within the human genome that encode these polypeptides (1, 2) . The genetically distinct collagens have characteristic tissue distributions. For example, the more abundant collagens, such as type I and type III collagens, are widely distributed, while certain minor collagens have a restricted anatomical location. Among the minor collagens is type VII collagen, which is found in the basement membrane zone beneath the stratified squamous epithelium (3) . Specifi-cally, type VII collagen has been demonstrated by immunolocalization studies to be a component of anchoring fibrils, morphologically distinct structures extending perpendicularly from the lamina densa to the upper papillary dermis (4, 5) .
Type VII collagen is a homotrimer, [al(VII)]3, and each a-chain consists of a central collagenous domain of -145 kD that is flanked by noncollagenous domains (3, 5) . The tissue form oftype VII collagen has been suggested to be an antiparallel dimer associated through an overlap region between the individual molecules (6) . These antiparallel dimers then aggregate laterally to form anchoring fibrils that can be recognized in transmission electron microscopy of the skin by their characteristic banding pattern (7, 8) .
The precise cellular origin oftype VII collagen, which comprises the anchoring fibrils, is not known. Previous studies utilizing indirect immunofluorescence and immunoprecipitation with type VII collagen-specific antibodies have suggested that both fibroblasts and keratinocytes, the two principal cell types in the skin, synthesize type VII collagen (9, 10) . However, elucidation of type VII collagen gene expression at the mRNA level has been hampered by the lack of availability of corresponding DNA clones.
We have recently isolated cDNA clones that correspond to human type VII collagen sequences (1 1). In this study, we (12) . Human skin fibroblast strains, obtained from the American Type Culture Collection (Rockville, MD) or the Human Genetic Mutant Cell Repository (Camden, NJ), were cultured in DME supplemented with 2 mM glutamine, 50 ,g/ml streptomycin, 200 U/ml penicillin-G, 20 mM N-2-hydroxyethyl-piperazine-2'-ethane sulfonic acid, pH 7.4, and 10% FCS (13) . A human oral epidermoid carcinoma KB cell line (14) and a human amniotic epithelial WISH cell line (15) were obtained from the American Type Culture Collection. Human keratinocytes transformed either with human papilloma virus (cell line HPK) or with ras oncogene (RHEK) were maintained in DME supplemented with 10% FCS (16) . Cocultures of epidermal keratinocytes and skin fibroblasts were established by seeding these cells in 4-cm2 chamber slides in a 10:1 ratio (104 keratinocytes and 103 fibroblasts).
Skin biopsy specimens were obtained from a normal 19-wk fetus and immediately frozen in liquid nitrogen.
Isolation ofRNA and Northern hybridizations. Total RNA was isolated from cell cultures by a single-step method, as described previously (17). RNA samples were separated on 0.9% agarose gels containing 2.2 M formaldehyde (18) , transferred to Zeta probe nylon filters (BioRad Laboratories, Richmond, CA) by vacuum transfer (VacuGene, XL; LKB, Bromma, Sweden), and immobilized by heating at 80'C for 30 min. The filters were prehybridized and hybridized with cDNAs radiolabeled by the random priming method using [132P]dCTP (19) . After hybridization at 420C, the filters were washed to a final stringency of 0.1 X SSC/0. 1% SDS at 650C when hybridized with the human probes or at 550C when hybridized with the rat GAPDH cDNA. The radioactive cDNA-mRNA hybrids were visualized by autoradiography by exposure ofthe filters to x-ray films (X-Omat, Eastman Kodak Co., Rochester, NY).
The following cDNAs were used for Northern hybridizations: For detection of type VII collagen mRNA, a 1.9 kb cDNA (K-131) was isolated from a keratinocyte Xgtl 1 cDNA expression library by immunoscreening with the IgG fraction ofcirculating serum antibodies in a patient with acquired epidermolysis bullosa (1 1). This cDNA has been shown to correspond to human type VII collagen sequences, and the details are reported elsewhere (1 1). In some experiments, the radioactive type VII collagen cDNA was removed by boiling the filters twice in 0.1 X SSC/0.5% SDS for 10 min. Filters were then prehybridized and rehybridized with a 1.8 kb human proal(I) collagen (20) or with a human 2.3-kb bullous pemphigoid antigen (BPAG1) (21) cDNA. All filters were also rehybridized with a cDNA for rat glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (22).
In situ hybridizations. Cultured cells were fixed and permeabilized in 100% ethanol for 15 min at -20°C, followed by fixation in 4% paraformaldehyde in PBS at room temperature. The cell preparations were then pretreated as described previously (23, 24) . Before hybridizations, the samples were heated at 90°C for 5 min and cooled rapidly on ice. Hybridizations were then carried out in a solution containing 50% formamide, 10 mM DTT, 1 mg/ml salmon sperm DNA, 1 mg/ml baker's yeast tRNA, 2 mg/ml BSA, and a labeled cRNA probe (see below) in 2X SSC, for 3 h at 52°C. After hybridization, the specimens were incubated with 50% formamide in 4X SSC and treated with RNaseA (100 gg/ml; Sigma Chemical Co., St. Louis, MO) and RNase Tl (1 gg/ml; Boehringer-Mannheim Diagnostics, Inc., Houston, TX) in 2x SSC with intermittent washes in 2X SSC. The specimens were then dehydrated in ethanol and air dried. The 32P-cRNA-mRNA hybrids were detected by immersing the samples into autoradiography emulsion (NTB-3; Eastman Kodak), diluted with an equal volume of 0.6 M ammonium acetate, and exposing them in a desiccant-containing box for 10-12 d at 4°C. The (Fig. 2 A) . In an independent experiment (Fig. 2 C) (Fig. 2 B and C (Fig. 3 A) . When co-cultures containing a mixture ofkeratinocytes and fibroblasts were examined, individual fibroblasts, distinguished from keratinocytes by their elongated, spindle-shaped appearance in phase contrast microscope, contained few, if any, autoradiographic grains suggesting a low level ofexpression (Fig. 3 B) . However, keratinocytes, particularly when in close cell-cell contact, appeared to express relatively high levels of type VII collagen mRNAs (Fig. 3 B) .
Indirect immunofluorescence of cultured cells with antitype VII collagen antibodies. To examine type VII collagen gene expression by cultured cells at the protein level, indirect immunofluorescence with a monoclonal anti-type VII collagen antibody (25) was performed. Staining of keratinocyte cultures revealed a clearly detectable immunofluorescence signal in the cytoplasm ofindividual keratinocytes in a granular staining pattern (Fig. 4 A) . Parallel staining of skin fibroblast cultures revealed a significantly lower, yet clearly detectable, immunofluorescence signal, suggesting that type VII collagen is synthesized by fibroblasts at a relatively low level (Fig. 4 B) .
Incubation of keratinocytes and fibroblasts in co-cultures revealed that the individual cells expressed enhanced levels of type VII collagen epitopes, as judged by parallel staining of cultures containing keratinocytes or fibroblasts alone (see Fig.  4 C in comparison to Figs. 4 A and B) . These observations suggest that cell-cell interactions may play a role in enhancing the expression of type VII collagen epitopes in these cells.
Indirect immunofluorescence was also performed on WISH and KB cells in culture. Both of these cell lines demonstrated clearly detectable immunofluorescence, suggesting synthesis of type VII collagen in these cells (Figs. 4 D and E) . However, in parallel with the mRNA levels, the signal observed in KB cell cultures was significantly higher than in WISH cells when these two cell types were examined in parallel.
Type VII collagen gene expression in fetal skin. Previous studies have demonstrated that type VII collagen epitopes are present in the adult human skin at the dermal-epidermal basement membrane zone (28, 29) . In this study, skin from a 1 9-wk fetus was examined by indirect immunofluorescence, which demonstrated the presence of type VII collagen epitopes in a linear pattern (Fig. 5) . No immunosignal could be detected in the more superficial layers of epidermis or within the dermis. Thus, basal keratinocytes appear to be the primary source of type VII collagen in developing fetal skin.
Discussion
Type VII collagen, a relatively low abundance protein among the collagenous molecules, is an integral component ofanchoring fibrils (3) (4) (5) . Previous characterization of type VII collagen by biochemical and immunochemical means has suggested that type VII collagen molecules consist of three identical achains, a I(VII) (3) . Each a-chain is thought to contain a large central collagenous domain flanked by noncollagenous segments at both the amino-and carboxyl-terminal ends. Previous studies have suggested that the large noncollagenous globular domain (NC-1) of the type VII collagen molecule resides in the carboxylterminus (3, 5) . However, recent cloning oftype VII collagen sequences has provided evidence that NC-1 may in fact be located at the amino-terminus, and the carboxyl-terminal domain (NC-2) is relatively small (1 1, and A. Christiano, unpublished). (9, 10, 28, 29) , precise quantitation has been relatively difficult due to the paucity of type VII collagen in most cell types studied. Nevertheless, previous studies have suggested that both human epidermal keratinocytes and dermal fibroblasts are capable of synthesizing type VII collagen (9) . In this study, we have examined type VII collagen gene expression more precisely at the mRNA level. This approach has been facilitated by the isolation of type VII collagen cDNA clones (11) . The clone used in this study (K-l1 31) encompasses both a noncollagenous and a collagenous domain, and it has been demonstrated that this cDNA clearly corresponds to type VII collagen sequences (11) .
Northern hybridizations with the cDNA K-l1 31 recognized an mRNA transcript that was estimated to be -9 kb in size. This estimation was based on hybridizations of the same Northern filters containing RNA from epidermal keratinocpytes with a bullous pemphigoid antigen-l1 (230-kD protein) cDNA that recognized a transcript of -9.0 kb (21) , and subsequent hybridizations of filters containing RNA from skin fibroblasts that revealed the presence ofproal(I) collagen mRNAs 5.8 and 4.8 kb, respectively (27) . The -9-kb type VII collagen mRNA would maximally encode a polypeptide of -2,900 amino acids, allowing for the presence of small 5' and 3' untranslated regions in the mRNA. Such a polypeptide would have a molecular mass of -290 kD (with an average molecular mass of 100 D for each amino acid). This size is slightly smaller than the estimated molecular mass of individual proal(VII) chains, 300-350 kD (3). The difference in size could be explained by posttranslational modification of the polypeptides, including N-glycosylation of the noncollagenous portion of the protein (30) , as well as the synthesis of hydroxyproline and hydroxylysine, with subsequent O-glycosylation ofhydroxylysyl residues, in the collagenous domain (31) . Thus, the estimated size of type VII collagen mRNAs, -9 kb, is compatible with the estimated size of proa l(VII) polypeptides.
Previous studies have suggested that type VII collagen is synthesized both by epidermal keratinocytes and dermal fibroblasts (9, 29) , but the relative levels of gene expression and the potential contribution of these cell types to the synthesis of anchoring fibrils have not been elucidated. Our results indicate that total RNA isolated from epidermal keratinocytes contains significantly higher levels of type VII collagen mRNAs than RNA isolated from dermal fibroblasts, when examined in parallel hybridizations (see Fig. 2 ). This impression was corroborated by parallel immunofluorescence staining ofthese cell cultures (Fig. 4) . Interestingly, the apparent intensity ofthe immunofluorescence signal was enhanced in co-cultures containing a mixture of keratinocytes and fibroblasts (Fig. 4) . This conclusion supports recent observations by Konig and Bruckner-Tuderman (29) demonstrating that primary skin explants under culture conditions supporting growth of both cell types, or mixed co-cultures of purified fibroblasts and keratinocytes, exhibited clearly enhanced synthesis of type VII collagen. These authors concluded that epithelial-mesenchymal interactions are necessary for efficient synthesis of type VII collagen and biogenesis of the anchoring fibrils (29) . The mechanisms leading to enhanced type VII collagen synthesis in these co-cultures are not clear. However, in situ hybridizations of cultured cells 32, 33) .
Immunostaining of skin from a 19-wk fetus demonstrated the presence of type VII collagen epitopes in a linear fashion along the dermal-epidermal basement membrane zone (Fig.  5) . Examination ofthe dermis in the same skin preparation did not reveal a significant level of immunofluorescence. These observations, together with in vitro data suggest that the basal keratinocytes are primarily responsible for the synthesis oftype VII collagen in developing fetal skin. Since basal keratinocytes are located on the epidermal side of the developing basement membrane, this observation raises the question of the mechanisms by which the newly synthesized type VII collagen molecules are transported across the basement membrane zone and eventually deposited in the anchoring fibrils. It is conceivable that during early fetal development, the barrier function of the basement membrane is relatively incomplete and the type VII collagen molecules can easily traverse it (34). However, in ma-ture skin during the postnatal period, an intact basement membrane may not allow a significant amount of type VII collagen to be transported to the dermal side. This may explain the observations that the synthesis ofanchoring fibrils by keratinocytes placed upon dermis in patients with cutaneous burns is extremely slow and incomplete (35) . It is also conceivable that in these situations, synthesis and transport oftype VII collagen molecules into the dermal side ofthe basement membrane may occur, but other events necessary for assembly of functional anchoring fibrils are delayed.
In summary, in this study we have utilized a recently cloned human cDNA for the detection of type VII collagen gene expression in cultured human cells. The results demonstrate expression of the type VII collagen gene by a variety of human cells in culture, including keratinocytes and fibroblasts, however epidermal keratinocytes may be the primary source of type VII collagen in anchoring fibrils. Utilization of these cDNA probes will be ofhelp in further elucidation ofthe regulatory mechanisms governing the synthesis and secretion oftype VII collagen and its assembly into functional anchoring fibrils.
